ABSTRACT Primary reproductives of the Formosan subterranean termite, Coptotermes formosanus Shiraki (Isoptera: Rhinotermitidae), complete their Þrst reproductive cycle in Ϸ60 d after nest formation. During this period, the pairs mate several times. The spherical, aßagellate sperm, after transfer by the male, are stored in the femaleÕs spermatheca. Sperm numbers in the spermatheca increase signiÞcantly between day 20 and 40, and thereafter they show a steep decline, indicating that the pairs may not be mating after day 40. The spermatheca is bean shaped with an extremely narrow duct. The thick wall of the spermatheca consists mainly of type 3 cells made up of secretory and duct cells. Cuticle-lined ducts are interspersed throughout these cells. Finger-like extensions of the cuticle-lined interior wall project into the spermathecal lumen. The secretory cells presumably provide nutrition for the sperm during their long storage. Eleven anaerobic and six aerobic species of bacteria were cultured and identiÞed from the spermatheca. The role of these bacteria is unknown.
, very little is known about its ultrastructure. In addition, no details are available about this structure in C. formosanus. Costa-Leonardo and Patricio (2005) studied the structure of spermatheca in specimens of Þve termite families, including Reticulitermes virginicus (Banks) and Coptotermes gestroi (Wasmann) in the Rhinotermitidae. The spermatheca in most termite species has been described as a Þnger-like structure with a recurved tip. With no spermathecal duct present, the spermatheca opens directly into the roof of the genital chamber (Weesner 1969, CostaLeonardo and Patricio 2005) . Mature sperm in termites, in particular the Rhinotermitidae, are spherical without the characteristic tail and have a very simple structure (Grassé 1949 , Baccetti 1972 , Baccetti et al. 1974 , Jamieson 1987 . However, limited information about the numbers of sperm was reported only for Reticulitermes hesperus (Banks) (Weesner 1956 ).
Here, we describe the detailed structure of the spermatheca in primary reproductive females of C. formosanus and report changes in the number of sperm as they relate to other parameters during the Þrst oviposition cycle. We also report the presence of several types of bacteria found in association with sperm in the spermatheca.
Materials and Methods
Insects. Alates of C. formosanus were collected in light traps after swarming during May 2003 in New Orleans, LA. Naturally dealated individuals were sexed, and 100 single pairs in total were set up in petri dishes containing agarÐsawdust mixture as reported previously (Raina et al. 2003) .
Fecundity and Sperm Numbers. Five reproductive pairs were randomly selected at 2, 4, 6, 8, 10, 20, 30, 40, 50, 60, 70 , and 80 d after the initial pairing. After counting the number of eggs laid, each female was dissected to determine the number of mature oocytes. The spermatheca was removed in phosphate-buffered saline (PBS; 0.01 M phosphate buffer, 0.0027 M potassium chloride, and 0.137 M sodium chloride, pH 7.4). Its size (maximum width and length) was measured using a stereomicroscope with a micrometer, and then it was transferred to 100 l of PBS in a 200-l Eppendorf tube. The spermatheca was broken up using a Sonic Dismembrator 60 (Fisher, Pittsburgh, PA), and the sperm were counted in a sperm-counting chamber (Hausser ScientiÞc, Horsham, PA). Comparisons for area of the spermatheca and sperm numbers were performed using one-way analysis of variance (ANOVA) and DunnettÕs posttest by using the observations recorded on day 2 as control (GraphPad Prism version 4.02, GraphPad Software Inc., San Diego, CA).
Electronmicroscopy. Spermathecae were dissected from 20-d-old mated females and immediately Þxed in Karnovsky Þxative for 1 d. The tissues were washed in three to four changes of 0.05 M phosphate buffer, postÞxed in buffered 2% osmium tetroxide for 2 h, dehydrated in a graded ethanol series, and inÞltrated with and embedded in SpurrÕs low-viscosity medium. Sections (1 m in thickness) were stained with methylene blue and examined under the light microscope. Ultrathin sections were cut on a Reichert/AO Ultracut (Leica Microsystems, DeerÞeld, IL) microtome with a diamond knife. The sections were stained with 2.5% uranyl acetate for 30 min, followed by 3% lead citrate for 5 min. Sections were viewed in a Hitachi H-7000 (Hitachi, Tokyo, Japan) transmission electron microscope.
Bacterial Characterization. Three excised spermathecae were placed in 3 ml of BIOLOG (Biolog Inc., Haywood, CA) anaerobic inoculating ßuid and homogenized using two methods: a Glass-Col tissue grinder (Kontes, Terra Haute, IN) and a Sonic Dismembrator (Fisher). The homogenate was diluted 1:1000 (to obtain distinct colonies for the purpose of identiÞcation) and plated on BIOLOG Universal Anaerobic (BUA) prepoured agar plates. For anaerobes, the inoculated BUA plates were placed in anaerobe pouches and incubated at 30ЊC. Homogenization, dilution, and plating were completed within 5 min to preserve anaerobic conditions. For the aerobes, spermathecae were homogenized as described above using BIOLOG inoculating ßuid and BIOLOG Universal Medium (BUG) plus 5% sheepÕs blood. Both anaerobic and aerobic plates were checked at 24-h intervals for growth. Isolated pure colonies were placed in a sterile solution of 40% glycerol in deionized water for storage at Ϫ81ЊC until identiÞcations were made. All anaerobic cultures were analyzed for the following characteristics; cell morphology, colony color, colony margin, colony elevation, gram stain, KOH reaction, catalase reaction, oxidase reaction, and hemolysis. All gram-negative aerobic rods were analyzed for triple sugar iron reaction to identify any enteric bacteria. All isolates were identiÞed using a suspension of pure culture in BIOLOG inoculating ßuid to a transmittance percentage required by BIOLOG speciÞcations; gramnegative nonenteric 52% T, gram-negative enteric 61% T, gram-positive rods 20% T, gram-positive spore forming rods 28% T, anaerobes 65% T. The culture suspensions were used to inoculate BIOLOG microplates and allowed to incubate at 30ЊC for 24 h. Readings were taken on the microplates by using the MICROLOG reader with reference databases (BIOLOG version 4.01C, Biolog Inc. 2002) , for each colony morphology. All tests were replicated three times.
Results
Reproductive Parameters. Most of the mortality (11%) among the reproductive pairs occurred during the Þrst week after setting up the pairs. Five more pairs died by the end of the experiment. Egg laying in most cases commenced on the third day. Maximal eggs (per female per day) were laid between day 4 and 6 (Table  1) . Total cumulative number of eggs laid peaked on day 50 and leveled thereafter. As the females aged, the number of mature oocytes decreased until it was Ͻ1 in 80-d-old females. The spermatheca was the smallest (0.0315 mm 2 ) in a 2-d-old female. Overall, there was a signiÞcant change in size of the spermatheca over 80 d (P ϭ 0.0177). Although it increased in size, the change was only signiÞcant for 6-d-old females (0.0452 mm 2 , P Ͻ 0.01). In 80-d-old females, the spermatheca remained long, but became narrower (Table 1 ). The average number of sperm in the spermatheca of 2-dold females was 3,250 and remained low up until day 10. There was a highly signiÞcant difference in sperm number over the course of 80 d (P Ͻ 0.001). Between days 10 and 20, sperm number increased signiÞcantly (P Ͻ 0.01) and remained high until after day 40, when Structure of Spermatheca. The bean-shaped spermatheca in 20-d-old mated females were Ϸ130 by 300 m (Fig. 1) . The spermatheca opens into the dorsal area of the genital chamber through a short cuticlelined duct. The spermatheca is amply supplied with Þne trachea and innervated by nerves from the terminal abdominal ganglion. In a longitudinal section, the spermatheca is seen to have a thick cellular wall surrounding a lumen that continues proximally into a narrow duct enclosed by thick cuticle (Fig. 2) . The lumen is divided into a large distal and a smaller proximal chamber by a constriction in the wall. The inner wall of the spermatheca has a thin cuticular layer from which Þnger like extensions project into the lumen. The lumen contains the sperm together with numerous bacteria.
At the ultrastructural level, the spermathecal wall is thick (40 Ð 45 m) and has four distinct regions. On the outside is a thin layer of muscle cells interspersed with trachea (Fig. 3A) . Below this lies a single layer of glandular cells with large apical nuclei. The basal portion of these cells has a whirl of microvilli surrounding a circular body containing dense granular material with a clear central core. The cells also contain stacks of rough endoplasmic reticulum and mitochondria. Interspersed between these secretory cells are duct cells. Below the glandular area and toward the lumen lies another layer of cells (Fig. 3B ). These cells have highly convoluted cell walls and contain large numbers of mitochondria, particularly in the basal region. Between these cells are symmetrically placed ducts (0.4 m in diameter), the walls of which are lined with cuticle. Beneath these cells is a layer of large vacuoles. The cuticle lining the lumen forms Þnger-like projections that extend into the cavity of the spermatheca. The endocuticular lamina within these projections is composed of arced microÞbrils of chitin. In a mated female, the lumen is full of spherical sperm (Fig. 4A ) and large numbers of bacteria. The proximal smaller chamber leads into a narrow duct (0.15 m in diameter) surrounded by a thick cuticular sheath that may have as many as 16 layers (Fig. 4B) . The cells surrounding the cuticular sheath do not have characteristics of glandular cells, and there are no ducts in this region. The wall of the spermathecal duct, although very narrow, must be ßexible enough to permit the passage of sperm into the spermatheca, after mating, and their passage outward (Fig. 5A) , during fertilization of the eggs.
The sperm are almost spherical, Ϸ2 m in diameter, and lack a ßagellum (Fig. 5B) . The sperm seem to be a nuclear mass surrounded by a thin layer of cytoplasm with a short knob-like projection on one side. Sometimes three to four translucent areas show up in the body of the nucleus.
Bacteria Cultured from Spermatheca. Spermatheca dissected from females and examined under the microscope always revealed large numbers of bacteria together with sperm. When cultured, bacterial colony counts for both anaerobic and aerobic serial dilutions ranged from 1 to 1,000 colony-forming units per ml. No counts were made on the plated spermatheca. Based on their characteristics and properties, a total of 11 anaerobic and six aerobic bacterial species were identiÞed. One enteric organism was present and identiÞed as Serratia marcescens Bizio. The anaerobic isolates were facultative anaerobes with Actinomyces, Gemella, and Propionibacterium species being predominant. The aerobic organisms identiÞed were less diverse than the anaerobic population. Their population was dominated by two species each from two genera: Aureobacterium and Tsukamurella.
Discussion
Incipient colonies of C. formosanus, during the Þrst 2 yr of their life are known to go through three to four oviposition cycles with intervening periods of reproductive inactivity (King 1971 , Higa 1981 , Raina et al. 2003 . Under laboratory conditions, the Þrst one of these cycles is completed in Ϸ2 mo. The mean number of eggs laid during this period, in our study, was slightly higher than reported previously. Although, based on the presence of sperm in the spermatheca, it had been suggested that the Þrst mating occurs within 24 h (Higa 1981) , a detailed record of matings was provided by Raina et al. (2003) . In the absence of any external genitalia in the male, the tail-to-tail mating lasted an average of 28 s. Because of the lack of a ßagellum the sperm in most termite species is nonmotile (Grassé 1949 , Weesner 1969 . The sperm most likely is deposited in the genital chamber and transferred to the spermatheca through muscular contractions of the latter. Weesner (1969) suggested that in the Rhinotermitidae, there is a strongly chitinized arch in the roof of the genital chamber called the spermathecal furrow. The presence of such a furrow would seem to aid in the transfer of sperm from the genital chamber to the spermatheca. Weesner (1956) also suggested that the movement of nonßagellate and immotile sperm in R. hesperus may be caused by regular contractions of longitudinal muscle Þbers. During the Þrst 10 d, there were relatively low numbers of sperm in the spermatheca of mated females, even though it is expected that the females may have mated several times (Raina et al. 2003) . A signiÞcant increase in the number of sperm on day 20 (could actually be between day 10 and 20), although supporting the possibility of additional matings, also may indicate that it took that long to physically move a majority of the sperm from the genital chamber to the spermatheca. Again a signiÞcant drop in the number of sperm on day 50, and their continued low numbers thereafter, indicates that the pairs may have stopped mating after day 40 and thereafter use the sperm already present in the spermatheca to fertilize the remaining eggs. After the Þrst oviposition cycle is completed, the pairs go into a mode of sexual inactivity when even the reproductive organs are regressed (A.R., unpublished data). Weesner (1956) reported that in R. hesperus females after mating, there were 9,561 sperm in both areas (genital chamber and spermatheca) with 5,523 in the spermatheca alone. She further reported that even after 6 mo, with the male removed after the Þrst month, there were 1,496 sperm.
The spermatheca in termites has been described as Þnger-like with a recurved end (Weesner 1969, CostaLeonardo and Patricio 2005) . In C. formosanus, the spermatheca is bean-shaped with a thick wall enclosed by a simple epithelium on the outside. Internally, the lumen of the spermatheca is lined with a thin layer of cuticle, indicating its ectodermal origin. Wheeler and Krutzsch (1994) reported a similar structural organization of the spermatheca in the ant Crematogaster opuntiae Buren. In C. formosanus, the cuticular layer forms Þnger-like projections that contain endocuticular Þbers. A layer of muscle cells immediately next to the epithelium may be involved in facilitating the movement of the otherwise immotile sperm from the genital chamber into the spermatheca and later to regulate their outßow during fertilization.
The most prominent structures in the spermathecal wall are the glandular cells that resemble in some ways the class 3 secretory cells of insect epidermal glands, described by Quennedey (1974, 1991) . Suzzoni (1972) described similar secretory cells in the spermatheca of a beetle Phosphuga atrata L. In this beetle, the cuticular ductule arising from a secretory cell is surrounded by a ductule-carrying cell and opens into the lumen of the spermatheca. Abundance of rough endoplasmic reticulum in these cells indicates that they may be involved in the synthesis of polypeptides and other substances that are released into the lumen. In addition to the glandular layer, there is another layer of cells that is very rich in mitochondria, particularly near the base. A similar structure was reported by Fritz and Turner (2002) from the spermatheca in the Caribbean fruit ßy, Anastrepha suspensa (Loew). Structurally these cells resemble the canal cells described by Š obotnṍk et al. (2003) in epidermal glands of the termite Prorhinotermes simplex (Hagen). It is possible that these cells also excrete their products into the lumen. The layer of vesicles could possibly contain the lipoidal material also released into the lumen. Cuticle lined ducts are interspersed in the entire spermathecal wall. In their study of the structure of spermatheca from Þve families of Isoptera, Costa-Leonardo and Patricio (2005) suggested that the spermatheca in the Rhinotermitidae is constituted only by the secretory portion. The exact nature of the secretions of the glandular cells is unknown, but it is speculated to provide a nutrient medium for the sperm (Costa-Leonardo and Patricio 2005) during their prolonged storage (Weesner 1969) .
Typically, termite sperm lack ßagella and are immobile (Grassé 1949 , Weesner 1969 , Baccetti 1972 . Jamieson (1987) described the spermatozoa in the Rhinotermitidae as completely occupied by a compact spherical nucleus that contains some translucent areas and lacks most organelles normally attributed to sperm. According to Jamieson, such a sperm seem to be a terminal simpliÞcation. Baccetti (1972) and Baccetti et al. (1974) described the sperm in Reticulitermes lucifugus (Rossi) as a severely involuted cell consisting primarily of the nucleus, with two spheroi- dal mitochondria and two truncated axoneme apices located in a small cytoplasmic rim. There was no acrosome at the posterior pole indicating a Þnal step or consequence in the evolution of this structure. As observed in the current study, the sperm in C. formosanus, like most other rhinotermitids, consist primarily of the nucleus and are dependent on the muscular action of their bearer to move them around.
Detection of large numbers of bacteria in the lumen of the spermatheca is a novel Þnding. Although there are many published reports on bacterial microbiota of termites (e.g., Breznak 2000), we found no reports of bacteria in the spermatheca. Noda et al. (2005) reported abundant endosymbiotic bacteria belonging to the order Bacteriodales from the gut ßagellate Pseudotrichonympha grassi Koidzumi of C. formosanus. The exact function of these cells, estimated to be Ϸ8.6 ϫ 10 7 in each termite, remains largely unknown. Adams and Boopathy (2005) isolated four enteric bacteria, including S. marcescens from the gut of C. formosanus. They speculated that these bacteria may scavenge oxygen and create conditions for other anaerobic microorganisms that are essential for the digestion of cellulose. Presence of Lactobacillus in the spermatheca may be beneÞcial, just as lactic acid bacteria are considered important for the ecological balance in termite gut. Bauer et al. (2000) postulated that lactic acid bacteria act as an antagonist against colonization of the gut by opportunistic bacteria. Sacchi et al. (2000) reported transovarial transmission of symbiotic bacteria present in the bacteriocytes in ovarian fat body of Mastotermes darwiniensis Froggatt.
It has been stated earlier that the nutrients produced by the secretory cells and released into the lumen of the spermatheca may help in long-term storage of sperm. The bacteria found in the spermatheca may provide either additional nutrients or protection against other harmful entities that could ßourish in such a rich medium. However, the exact role of these bacteria needs to be further investigated.
